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Abstract.

Recent studies have shown how water films at near-zero matric potentials on

fracture surfaces could permit fast flow in unsaturated fractures. The present work is
aimed at delineating the ranges of conditions necessary to permit film flow. The
approximate matric potential needed to permit thickening of water films on fracture
surfaces was estimated through correlating air-entry matric potentials and permeabilities
for a wide range of porous media. An upper matric potential limit, associated with
saturating the fracture, was related to the fracture aperture. These two limits, one
dependent on matrix permeability and the other on fracture aperture, delineate the matric
potential range within which thick water films develop on fracture surfaces. Rocks with
matrix permeabilities less than ~107'* m?, and fractures with apertures greater than ~30
wm permit some matric potential range over which thick water films can form. Highly
transmissive films can develop on fracture surfaces only under near-zero matric and

pressure potentials.

1. Introduction

Water moves through unsaturated, fractured rock by a com-
plex combination of processes including slow flow within rock
matrix blocks and potentially fast flow within fractures. The
capacity of fractures for supporting fast flow and transport
through the vadose zone has generated considerable research
activity, much of which is being motivated by practical concerns
over contaminant transport and groundwater contamination.
Yet the spatial and temporal complexity of infiltration and
seepage in fracture rocks continue to challenge our ability to
develop a comprehensive understanding of these systems. A
number of processes and models have been proposed to ac-
count for various facets of unsaturated zone flow in fractures,
including flow through saturated aperture pathways [Wang and
Narasimhan, 1985], episodic saturated flow [Nitao and Bus-
check, 1991; Wang et al., 1593], gravity-driven instabilities and
flow fingering [Nicholl et al., 1994], free surface film flow
[Kapoor, 1994], matric film flow [Tokunaga and Wan, 1997; Or
and Tuller, 2000], modified invasion percolation [Glass et al.,
1998], and intermittent flow [Su et al., 1999]. Of the aforemen-
tioned phenomena, only film flows are explicitly restricted to
truly unsaturated pathways within fractures. We use the term
“film” in a macroscopic sense, to include both true water films
on topographic maxima of fracture surfaces, and pendular,
capillary water occupying topographic minima. We will refer to
such water films on rough surfaces as “thick films” because
they are substantially thicker than water films adsorbed onto
flat, hydrophilic mineral surfaces. These latter films range in
thickness from tens of nanometers to ~1 pum [Pashley, 1980;
Muller, 1998] over a range of chemical potentials equivalent to
the matric potentials we investigated in our previous and
present work.

In view of the finding that film flow can occur, it is important
to delineate necessary conditions associated with this process.
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It is desirable to identify a minimum number of factors neces-
sary to predict the occurrence of film flow. On the basis of our
previous work [Tokunaga and Wan, 1997], it is evident that the
matric potential at the fracture surface must be high enough
(close enough to zero) to bring the rock surface matrix (but not
necessarily the bulk rock matrix) to its satiated water content.
At the satiated water content, further increases in the matric
potential (toward zero) result in insignificant increases in ma-
trix saturation. Incomplete saturation is commonly observed
under satiated conditions because of entrapped gas [Klute,
1986]. The bulk rock matrix is not necessarily satiated since it
may have different hydraulic characteristics than those of rock
surface regions. More generally, when true steady state condi-
tions are not established, the rock matrix along fracture flow
pathways may exist under satiated conditions while satiation of
the interior matrix lags behind because of transport limitations.
Nevertheless, when focusing on local fracture conditions, the
satiation matric potential of the rock matrix remains a useful
indicator of a lower energy limit above which film flow can
occur. However, the satiation matric potential is neither a
unique energy (because of hysteresis and nonspecific experi-
mental equilibration time) nor a routinely measured parame-
ter. Therefore it will be desirable to identify a more commonly
measured rock property to correlate with matrix satiation. The
matrix permeability can serve this purpose, as discussed below.

As the matric potential is increased above the matrix-
satiation value, closer toward zero, water films become pro-
gressively thicker. An upper limit of film thickening is reached
whereupon the fracture aperture becomes locally saturated.
Given specific values of local hydraulic properties (matrix per-
meability and fracture aperture), there will generally be a
lower limit in matric potential (¥, ) below which thick films
are absent and an upper matric potential limit above which the
local fracture aperture becomes fully water saturated (V).
Film flow is possible between these two energy limits (Figure
1). In this study, we seek to estimate the matric potential limits
on film flow imposed by the combination of rock matrix per-
meability and fracture aperture size.
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Conceptualization of the possible, matric potential-dependent distribution of water in fractured

porous media. At matric potentials lower than i, , water is retained in the unsaturated porous rock matrix.
At ¢, the matrix rock is effectively saturated. Between ¢, and 4, thick water films can develop along
fracture surfaces, coexisting with the gas phase. Above i, the fracture aperture is fully (locally) saturated.

In this analysis, film flow in very large aperture fractures
(greater than a few millimeters) is only considered in a limited
manner. Although very thick water films can occur in very large
aperture fractures, we restrict our discussions to films that are
still thin enough to exist at finite (negative, but inclusive of
near-zero) matric potentials, rather than under slightly positive
pressure potentials. The upper limit in thickness of films at
near-zero matric potentials is strongly dependent on local frac-
ture surface topography. In our previous studies [Tokunaga
and Wan, 1997; Tokunaga et al., 2000], approximate upper
limits in average film thickness ranged from 10 to 70 um. In
much larger aperture fractures, much thicker water films can
develop under slightly positive pressure potentials, resulting in
free surface flow [Kapoor, 1994].

2. Lower Matric Potential Limit

The lower matric potential (W, ) limit is associated with the
condition where the rock matrix immediately underlying the
fracture surface is just effectively saturated (satiated). As pre-
viously mentioned, hysteresis in the moisture characteristic
relation prevents identification of a unique satiation energy,
but as a starting point, the air-entry matric potential, ¥, is
taken as the threshold above which films might begin to de-
velop on fracture surfaces (Figure 2). Note that if a system is
rewetting from an unsaturated state, a higher matric potential
(W) is needed to reach the satiated state. In general, ¥, <
W, < W It will be useful to correlate the air-entry matric
potential to a more commonly measured property of the rock
matrix. Two possible candidate properties are the porosity and
the permeability. The possibility of using porosity as the cor-
relating parameter was dismissed because the air-entry matric
potential depends strongly on the characteristic pore-size not
the porosity. Permeability is the preferred correlating param-

eter because, like the air-entry matric potential, it too depends
very much on characteristic pore size [Miller and Miller, 1956;
Campbell, 1985]. Differences in microscale structure (pore-
scale geometry and pore size distribution), hysteresis in the
rock matrix moisture characteristic relation, air entrapment
within the matrix, and varying reliability of measurements all
prevent identification of unique relations between permeabili-
ties and air-entry matric potentials. However, we are only seek-
ing to identify approximate values of air-entry matric poten-
tials.

A survey of literature containing data on hydraulic proper-
ties for specific materials was conducted to compile informa-
tion on porosities, air-entry matric potentials, and (saturated)
permeabilities. Specific materials, their properties, and sources
used are listed in Table 1. The various media listed include
soils of various texture classes, rocks, ceramics, and glass bead
packs. Only references that clearly identified air-entry matric
potential values or that had sufficiently refined moisture char-
acteristic relations such that interpolated values would be re-
liable were included in this list. Complications in defining the
air-entry matric potential arise because the transition from
tension-satiated conditions to partially desaturated states is
very gradual for media with polydispersed, fine-scale pores,
and because the identification of the air-entry matric potential
is dependent on measurement resolution. Volume changes in
finer-textures soils and heterogeneity within samples also con-
tribute to deviations from ideal measurements on rigid, homo-
geneous porous media. For purposes of this survey, the air-
entry energy was assigned to the main drainage curve matric
potential associated with a 3% decrease in saturation relative
to the satiated state. For references in which results were
presented as tabulations of van Genuchten [1980] parameters,
the air-entry matric potential of a given sample was estimated
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Figure 2. Conceptual model for development of thick water films on rough surfaces of fractured porous
media. As the matric potential rises toward zero, the rock matrix becomes satiated at an energy between s,
and i, with hysteresis preventing identification of a unique value. At energies closer to zero, water films
expand outward into the fracture surface by filling progressively larger depressions.

from an effective saturation of 97%, using the reported van
Genuchten alpha and n values. The collected list includes 117
data pairs, spanning 9 orders of magnitude in permeability. A
scatter plot of this data set shows a rough correlation (Figure
3). Included in this plot is a power law correlation curve of the
form

g, = —Ck™, 1)

where k is the permeability and a and C are fitting parameters.
The best-fit, power-law curve (heavy solid line in Figure 3) is
obtained with @ = 0.32 and C = C, = 0.65 Pa m®®*. This
correlation (r* = 0.59) predicts the air-entry matric potential
to within 1 order of magnitude for 95% of the data set. The
fine solid lines represent =95% confidence interval slopes, and
the fine dotted lines are order of magnitude bounds. Expected
poorer correlations for power-law fits of air-entry matric po-
tential versus porosity (r> = 0.24), and of porosity versus
permeability (r> = 0.36) were obtained from the same data
set (Table 1).

It is of interest to compare the power-law regression relation
between air-entry matric potential and permeability to predic-
tions based on scaling theories. The classic work on similitude
by Miller and Miller [1956] is a systematic analysis of geometric
scaling i unsaturated porous media and has seived as the basis
for a variety of more generalized methods applicable to spa-
tially varying field settings [Hillel and Elrick, 1990]. Miller-

Miller scaling starts with the approximation that porous media
are geometrically similar, such that they differ primarily
through differences in their characteristic length scales but
retain a common porosity and pore geometry. The pore-scale
hydrostatics and hydrodynamics are assumed controlled by
surface tension and laminar flow. On this basis, the scaled
matric (capillary) potential for a given system at a given satu-
ration is directly proportional to its characteristic length (e.g.,
particle size or pore size), and the scaled hydraulic conductivity
is inversely proportional to the characteristic length squared.
Systems that differ primarily through differences in micro-
scopic characteristic length scales are unified into single, uni-
versal scaled relations through this procedure. For Miller-
Miller similar porous media, ¥, is related to the permeability
through (1), with a = 0.5 [Miller and Miller, 1956; Campbell,
1985]. The best-fit value of a = 0.32 for the power function fit
(Figure 3) departs from Miller-Miller similitude, an antici-
pated result given the very wide diversity of materials included
in the regression. Nevertheless, power-law relations witha =
0.5 can be fit through the data set, as shown in the dashed line
in Figure 3. While pore geometry is expected to vary among
these materials, the obvious departure from Miller-Miller si-
militude requirements comes through the very wide range of
porosities (0.02-0.59) included in the data set.

Sposito and Jury [1990] developed a more general scaling
analysis from the less restrictive condition of similarity in pore-
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Table 1. Porosities, Permeabilities, and Air-Entry Matric Potentials of Various Porous Media

Source Material n k, m? —We, —Pa

Moore [1939] Oakley sand 0.43 1.0E - 13* 4.0E + 03
Yolo fine sandy loam 0.52 4.0E - 14 40E + 03

Yolo clay 0.52 9.0E - 15 4.0E + 03

Yolo light clay 0.51 1.3E - 14 8.0E + 02

Luthin and Day [1955] Oso Flaco fine sand ? 1.8E — 11 1.7E + 03
Klute and Wilkinson [1958] 104-125 pm sand 0.38 7.0E — 12 7.0E + 03
149-~177 pm sand 0.38 14E - 11 5.0E + 03

210-250 pm sand 0.37 3.0E — 11 38E + 03

Hanks and Bowers [1962] Sarpy loam 0.41 1.4E - 12 1.0E + 03
Geary silt loam 0.46 1.0E - 13 2.0E + 03

Elrick and Bowman [1964] Guelph loam 0.52 33E-13 4.0E + 03
Jackson et al. [1965] sand, 50-500 pum 0.40 S1E - 12 4.6E + 03
Adelanto loam 0.42 S.0E - 14 1LIE + 04

Watson [1966] Botany sand 0.35 19E — 11 4.0E + 03
Topp and Miller [1966] glass beads 0.33 1.0E - 11 43E + 03
Bybordi [1968] fine sand, 150-250 pm 0.39 1.8E — 11 2.0E + 03
coarse sand, 250-350 um 0.38 4.0E — 11 1.3E + 03

Topp [1969] Rubicon sandy loam 0.46 83E — 13 7.0E + 03
Poulovassilis [1970] porous body 1, sand 0.27 1.7E - 11 1.5E + 03
Talsma [1970] Adelaide dune sand 0.40 1.8E - 12 6.0E + 03
Topp [1971] Rideau clay loam 0.42 25E—12 3.0E + 03
Caribou silt loam 0.44 25E - 13 9.0E + 03

Vachaud and Thony [1971] sand 0.36 22E - 12 22E + 03
Arya et al. [1975] Waukegan loam, 0.0-0.1 m 0.46 5.6E — 15 6.0E + 03
Waukegan loam, 0.5-0.6 m 0.40 1.2E — 14 S.0E + 03

Gillham et al. [1976] dune sand 0.31 5.8E — 12 25E + 03
Vauclin et al. [1979] sand, 100-500 pm 0.33 9.7E ~ 12 1.9E + 03
van Genuchten [1980] Hygiene sandstone 0.25 13E — 12 1.0E + 04
Touchet silt loam 0.47 35E - 12 1.5E + 04

Beit Netofa clay 0.45 9.8E - 16 1.0E + 04

Scotter and Clothier [1983] repacked fine sand 0.45 2.0E - 12 2.0E + 03
Koorevaar et al. [1983] medium fine sand 0.35 23E ~- 12 3.0E + 03
loam 0.50 4.6E — 14 7.0E + 03

Peters et al. [1984] Yucca Mtn. Tuff gu3-2 0.13 7.0E — 20 3.0E + 05
Yucca Mtn. Tuff gu3-3 0.09 27E - 19 1.2E + 06

Yucca Mtn. Tuff gu3-6 0.59 1.6E — 13 3.0E + 05

Yucca Mtn. Tuff gu3-7 0.40 39E - 14 4.7E + 05

Yucca Mtn. Tuff gu3-8 0.43 35E - 14 35E + 05

Yucca Mtn. Tuff gu3-10 0.02 1.5E —- 18 1.3E + 06

Yucca Mtn. Tuff gu3-12 0.33 32E — 16 35E + 05

Yucca Mtn. Tuff gu3-14 0.46 2.7E - 14 35E + 05

Yucca Mtn. Tuff gu3-15 0.43 2.6E — 15 2.0E + 05

Yucca Mtn. Tuff gu3-16 0.47 79E — 15 4.0E + 05

Yucca Mtn. Tuff gu3-17 0.39 6.9E — 16 35E + 05

Yucca Mtn. Tuff gu3-18 0.32 1.3E - 16 2.0E + 05

Puckett et al. [1985] Lucedale Ap, sandy loam 0.40 1.8E — 13 32E + 03
Troup E3, loamy sand 0.42 23E - 12 22E + 03

Cahaba BC, sandy loam 0.37 35E-13 32E + 03

Malbis 1 Bt3, sandy clay loam 0.38 35E - 15 1.0E + 04

Stephens and Rehfeldr [1985] fine fluvial sand 0.36 20E - 11 25E + 03
Anderson and Cassel [1986] sandy loam 0.44 2.0E - 10 3.0E + 02
Flint and Flint [1990] Yucca Mtn. Tuff 18A 0.28 2.0E - 19 1.5E + 05
Yucca Mtn. Tuff 4-6 0.29 8.0E — 14 1.OE + 04

Yucca Mtn. Tuff 17A 0.29 1.5E - 17 2.0E + 04

Yucca Mtn. Tuff IV 0.44 1.8E — 14 1.0E + 04

Rasmussen et al. [1990] Apache Leap Tuff x1-af 0.15 14E - 16 3.0E + 04
Apache Leap Tuff x1-ag 0.14 1.5E —- 16 3.0E + 04

Apache Leap Tuff x2-cd 0.13 7.0E - 17 2.0E + 04

Apache Leap Tuff x2-cn 0.16 27E — 16 3.5E + 04

Apache Leap Tuff x3-¢h 0.14 5.6E — 16 3.0E + 04

Apache Leap Tuff x3-es 0.15 43E - 16 35E + 04

Apache Leap Tuff y1-gb 0.14 1.7E — 16 1.5E + 04

Apache Leap Tuff yl-gh 0.14 24E - 16 1.5E + 04

Apache Leap Tuff y2-jf 0.13 2.0E - 16 25E + 04

Apache Leap Tuff y2-jn 0.17 35E — 16 3.0E + 04

Apache Leap Tuff y3-ms 0.17 39E — 16 35E + 04

Apache Leap Tuff y3-mu 0.16 14E — 16 4.0E + 04

Apache Leap Tuff z2-sk 0.13 35E - 16 4.5E + 04

Apache Leap Tuff z2-sp 0.19 8.1E — 16 3.0E + 04

Apache Leap Tuff z3-up 3.7E — 16 3.0E + 04

Apache Leap Tuif z3-uu 0.14 43E — 16 3.0E + 04
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Table 1. (continued)
Source Material n k, m? —We, —Pa
Fayer and Gee [1992] sand (91%) 0.42 S8.0E — 12 1.0E + 03
Stephens [1992] fluvial sand 0.34 2.0E — 11 LSE + 03
fluvial sand 0.27 6.0E — 12 2.0E + 03
fluvial sand 0.35 3.0E - 12 1.7E + 03
Rawls et al. [1992] sand 0.44 58E — 12 1.6E + 03
loamy sand 0.44 1.7E — 12 2.1E + 03
sandy loam 0.45 72E — 13 3.0E + 03
loam 0.46 37E — 13 4.0E + 03
silt loam 0.50 1.9E — 13 5.1E + 03
sandy clay loam 0.40 1.2E - 13 5.9E + 03
clay loam 0.46 6.4E — 14 5.6E + 03
silty clay loam 0.47 42E — 14 7.0E + 03
sandy clay loam 0.43 33E - 14 8.0E + 03
silty clay loam 0.48 25E — 14 77E + 03
clay loam 0.48 1.7E — 14 8.6E + 03
Shouse et al. [1992] Etiwanda sand 0.39 13E - 12 1.6E + 03
Sisson and van Genuchten [1992] Troup loamy sand 0.32 2.8E — 12 2.0E + 03
Bethany loam 0.44 1.7E ~ 14 2.5E +03
Rasmussen et al. [1993] Apache Leap Tuff 0.17 1.7E — 15 1.0E + 05
Soilmoisture Equipment Corp. [1996] 0.5 bar high flow ceramic 0.50 3.1E — 14 SS5E +04
1 bar high flow ceramic 0.45 8.6E — 15 1.7E + 05
1 bar ceramic 0.34 7.6E — 16 1.7E + 05
2 bar ceramic 0.38 6.3E — 16 3.0E + 05
2 bar high flow ceramic 0.38 6.9E — 16 3.0E +05
3 bar ceramic 0.34 2.5E — 16 4.0E + 05
5 bar ceramic 0.31 1.2E — 16 5.6E + 05
15 bar ceramic 0.32 2.6E — 18 1.6E + 06
Wan and Tokunaga [1997) coarse sand 0.34 9.5E — 11 1.0E + 03
medium sand 0.34 48E — 11 1.2E + 03
fine sand 0.35 1.2E - 11 32E +03
Shao and Horton [1998] sandy loam 0.44 1.1IE - 12 2.0E + 03
silt loam 0.50 33E—13 8.0E + 02
loam 0.50 31E - 13 7.0E + 02
sandy clay loam 0.54 53E - 14 2.0E + 03
silty clay loam 0.56 1.1IE - 14 2.0E +03
clay loam 0.57 22E — 14 2.0E +03
Simunek et al. [1998] silt loam 0.40 1.0E - 12 1.2E +03
loam 0.40 1.0E ~ 13 1.2E + 04
Flint [1998] Yucca Mtn. Tuff CW 0.08 5.0E - 18 2.0E + 05
Yucca M. Tuff BT3 0.41 S.0E — 15 1.0E + 04
Yucca Mtn. Tuff TR 0.16 2.0E — 16 1.0E + 04
Yucca Mtn. Tuff TUL 0.15 2.0E - 17 4.0E + 04
Yucca Mtn. Tuff TMN 0.11 4.0E — 18 3.0E + 05
Yucca Mtn. Tuff PV3 0.04 5.0E — 18 3.0E + 06
Yucca Mtn. Tuff CHZ 0.33 S.0E — 18 7.0E + 04
Yucca Mtn. Tuff PP2 0.26 3.0E - 17 3.0E + 04

“Read 1.0E — 13 as 1.0 x 10713,

size distribution. Thus their generalized scaling theory accom-
modates variability in porosity commonly found in soils and
rock. The parameter a in (1) is equivalent to 1/n in the gen-
eralized scaling analysis of Sposito and Jury [1990]. The manner
in which m relates to scale-invariance of the Richards equation
is discussed by Sposito and Jury [1990] and by Sposito [1998]. 1t
is interesting to note that n = 3.1 (from ¢ = 0.32 in Figure 3)
is in the same range as mean values obtained from analysis of
two field soils used in the studies of Jury et al. [1987] and
Sposito and Jury [1990]. Mean 7 values from their Hamra and
Panoche soils are 3.36 and 2.54, respectively. The more restric-
tive condition for applicability of Miller-Miller similitude (i.e.,
geometric similitude) leads to n = 2.

Since the value of C, is based on data obtained from de-
saturation curves, it applies best to desaturation processes.
During a resaturation process, the matric potential at which
the rock becomes satiated is expected to be higher (closer to
zero) than W, because of factors responsible for hysteresis in

moisture characteristics [Hillel/, 1980]. Since one does not gen-
erally know the wetting history of the medium of interest, a
small improvement in the estimated lower matric potential
threshold is obtained by choosing a smaller value of C. The
magnitude of the wetting satiation matric potential (¥, in
Figure 2) is often about half that of ¥, [e.g., Haines, 1930,
Bouwer, 1966; Haverkamp and Parlange, 1986]. Therefore set-
ting C to 75% of C, will provide an estimate for ¥, that is
about half way between ¥, and V¥,. Thus a value of C, = 0.5
Pa m”®? was selected and used in (1) to estimate ¥, .

As the matric potential is increased above the level pre-
dicted in (1) (using C,), the air-water interface expands out-
ward on rough surfaces by first filling finer-scale depressions
and progressively filling larger-scale minima as zero matric
potential is approached. In this progression, radii of curvature
of free air-water interfaces (those surfaces not directly re-
tracted against solid surfaces) are envisioned to increase in
accordance with the Laplace-Young equation [Philip, 1978].
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Figure 3. Correlation between permeability of porous media and air-entry matric potentials, based on data
from Table 1. Open and filled points denote data from unconsolidated (soils, glass beads) and consolidated
(rocks, ceramics) media, respectively. The heavy solid line is the power law function fit to all data (@ = 0.32).
The fine solid lines show *=95% confidence intervals for the power law slope, and the dotted lines indicate =1
order of magnitude relative to the power law 95% confidence interval. An example of a power law relation

with @ = 0.5 is also shown as a heavy dashed line.

Since the magnitude of fracture surface roughness is typically
greater than the characteristic pore size of the rock matrix,
water films along fracture surfaces at matric potentials greater
(closer to zero) than ¢, are thick relative to films that occur at
lower ¢ within the bulk rock. Our analysis further assumes that
the local surface roughness is small relative to the local aper-
ture (as depicted in Figures 1 and 2). Where this condition is
not met (especially around contact points between opposing
fracture surfaces), local aperture saturation coincides with lo-
cal film thickening.

3. Upper Matric Potential Limit
The upper limit in matric potential, ¥,,, above which films

are eliminated by water filling of the local aperture, will be
approximated by the parallel plate capillary relation

20
b= = ? P (2)
where o is the (air-water) surface tension and b is the fracture
aperture (Figure 1). This condition for local fracture saturation
is central to aperture-based conceptual models [Wang and
Narasimhan, 1985]. The contact angle term is not included in
(2) because we limit our analysis to only completely water-
wetted fracture surfaces. The inverse dependence of ¥, on b
is approximate because local variations in b, hysteresis in the
matric potential dependence of fracture saturation [Glass and
Norton, 1992; Glass et al., 1996], in-plane air-water interfacial
curvature [Glass et al., 1998], and gas phase entrapment in
fractures [Nicholl et al., 2000] are all ignored. It should be
noted that the upper matric potential limit becomes ambiguous
for very large b because of the increasing influence of gravity
on the shape of the air-water interface. An upper limit in b for
applicability of (2) can be estimated from the ratio of gravita-

tional to capillary forces acting on an air-water interface that
bridges (fills) a fracture. This ratio is given by the Bond num-
ber,

_ pgb?

Bo P

3)

where p is the density of water and g is the acceleration due to
gravity. Since Bo is quadratically dependent on b, and since
Bo = 0.27 for b = 2 mm aperture, applicability of (2)
degrades rapidly for larger aperture fractures. Although very
large aperture fractures may not be amenable to capillary-
based analysis of saturation criteria, they are capable of sup-
porting fast film flow, given the necessary local potentials and
gradients. Furthermore, such very large aperture fractures can

accommodate free surface film flows.

4. Flow Regimes for Fractured Rock
and the Domain of Stable Thick Films

Given the approximate validity of (1) and (2), we return to
key questions concerning the conditions compatible with thick
films on fracture surfaces. How much “room” in k-b- param-
eter space does the domain of stable thick films occupy? Even
if this domain is small, is it significant? A convenient way to
examine the combined influences of matrix permeability, frac-
ture aperture, and matric potential is illustrated in Figure 4.
The base of this three-dimensional parameter space is defined
by rock matrix permeability and fracture aperture axes, such
that the local material properties of a given segment of fracture
surface are defined by a point on this k-b plane. The vertical
axis represents matric potential, with increasing (nearer to
zero) values in the upward direction. Thus the hydraulic state
at a given location on a fracture surface can be represented as
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Figure 4. Approximate parameter space for the partitioning of water in fractured porous media, showing
how rock matrix permeability, fracture aperture, and matric potential combine to determine whether a region
is characterized by unsaturated matrix rock, by satiated matrix plus thick water films along fractures, or by full

matrix and fracture saturation.

a point along a vertical line of constant k and b, with the point
moving upward during wetting and downward during drying.
Figure 4 illustrates how regions of stability for (1) unsaturated
rock matrix, (2) satiated matrix coexisting with water films
along fractures, and (3) saturated fractures can be approxi-
mately delineated based on information on matrix permeabil-
ity, fracture aperture, and matric potential. The lower diagonal
surface approximates the permeability-dependent satiation
matric potential (equation (1), with C, = 0.5 Pa m"* and
a = (0.32), and the lower limit at which thick films develop
along fracture surfaces. The location of the upper diagonal
surface delimits the aperture-dependent transition from films
to saturated fractures (equation (2)).

From the above analysis, thick films in rock fractures are
restricted to k-b-y combinations occurring between the two
diagonal surfaces shown in Figure 4. It is interesting to note
that the thick film region comprises a significant portion of this
parameter space for vadose zone rock (keeping in mind the
logarithmic axes). In general, rock matrix permeabilities less
than ~107'* m? and apertures greater than about 30 um
permit some matric potential range over which thick water
films are stable. This does not imply that fast film flow can
occur over this entire thick film region, an issue we consider
later. Examination of Figure 4 also shows that for regions of
large aperture (approximately for 5 > 100 pm), thick films
can develop on rock surfaces over wide ranges of matrix per-
meabilities (approximately k < 107 ' m?), given sufficient
high matric potentials. In the limit of very large aperture val-
ues, this result is relevant to the problems of vadose zone flow
into caves, and also to flows associated with seepage faces in
surface hydrology. Although (2) does not apply in such envi-

ronments, these types of processes clearly express the local
importance of film flow.

The analysis resulting in Figure 4 also shows that certain
combinations of k and b (the region “behind” the intersection
of the two bounding surfaces) preclude development of thick
films along fracture surfaces. This prohibited region is associ-
ated with fracture apertures that are too narrow to permit film
flow because the matric potential needed to effectively saturate
the matrix is already also sufficient to saturate the fracture. A
very narrow aperture fracture in coarse, high permeability
sandstone is an example of a system where thick films along an
unsaturated fracture could not develop.

Although we have delineated the approximate range over
which thick water films exist in k-b- s space, a related practical
issue remains to be resolved. This yet unresolved problem is
the determination of what subregion of the thick film stability
region is associated with “fast” film flow. The answer to this
question depends on the definition of fast flow, the inclination
of the fracture surface, and the nature of the fracture surface
roughness (which controls film hydraulic properties). The def-
inition of fast film flow is context-dependent, and we have used
>10 myr ™ as an order-of-magnitude demarcation that can be
relevant in vadose zone contaminant transport. The depen-
dence of film thicknesses and velocities on fracture surface
roughness and matric potential is anticipated to be complex.
Direct measurements of film flow on well-defined surfaces are
still needed, and we are conducting experiments to obtain such
measurements as part of a related study. The results to date
[Tokunaga and Wan, 1997, Tokunaga et al., 2000] indicated that
only the upper portion of the thick film stability field, associ-
ated with matric potentials greater (less negative) than about
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—1 kPa, will permit fast (>10 m yr~') film flow in fractures.
Thus a horizontal boundary at around s = —1 kPa in the thick
film domain of Figure 4 might be added to delineate high
versus low transmissivity films. Calculations of film transmis-
sivities for a reasonable range of fracture surface topographies
will improve our ability to predict conditions necessary for fast
film flow [Or and Tuller, 2000]. The smaller subdomain of
highly transmissive films is important because of the fact that
high unsaturated fracture flow rates occur in this region.

5. Summary

Flow through unsaturated fractured rock occurs via a num-
ber of processes, including film flow. Approximate ranges of
conditions necessary for the presence of thick water films along
unsaturated fracture surfaces were investigated through con-
sidering rock matrix and fracture aperture saturation criteria.
Thick films exists when the matric potential is high enough to
effectively saturate (satiate) the immediately underlying rock
matrix, yet low enough not to saturate the local fracture aper-
ture. The lower energy limit for stable thick films was esti-
mated through correlations between air-entry matric potentials
and matrix permeabilities. The upper matric potential limit
was estimated from the Laplace-Young predicted inverse frac-
ture aperture dependence of capillary filling. With these two
limiting relations, the domain for stable thick films was iden-
tified in the parameter space defined by matrix permeability,
fracture aperture, and matric potential. These results show that
thick films occur over a moderate range of matric potentials
when the rock matrix permeability is less than ~10~'* m? and
the fracture aperture is greater than ~30 pum. Such combina-
tions of permeabilities and apertures are common in fractured
rock vadose zones. Thus thick water films can form in these
environments within the matric potential ranges identified
here. It is important to keep in mind that near-zero matric
potentials are necessary for the possible development of fast
film flow.
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